Marine oxygen minimum zones (OMZs) support 30-50% of global fixed-nitrogen (N) loss but comprise only 7% of total ocean volume. This N-loss is driven by canonical denitrification and anaerobic ammonium oxidation (anammox), and the distribution and activity of these two processes vary greatly in space and time. Factors that regulate N-loss processes are complex, including organic matter availability, oxygen concentrations, and NO 2 − and NH 4 + concentrations. While both denitrification and anammox produce N 2 , the overall geochemical outcome of these processes are different, as incomplete denitrification, for example, produces N 2 O, which is a potent greenhouse gas. Information on rates of anammox and denitrification and more detailed ecophysiological knowledge of the microorganisms catalyzing these processes are needed to develop more robust models of N-loss in OMZs. To this end, we conducted monthly incubations with 15 N-labeled N during under anoxic conditions and during a deep water renewal cycle in Saanich Inlet, British Columbia, a persistently anoxic fjord. Both denitrification and anammox operated throughout the low oxygen water column with depth integrated rates of anammox and denitrification ranging from 0.15 ± 0.03 to 3.4 ± 0.3 and 0.02 ± 0.006 to 14 ± 2 mmol N 2 m −2 d −1 , respectively. Most N 2 production in Saanich Inlet was driven by denitrification, with high rates developing in response to enhanced substrate supply from deep water renewal. Dynamics in rates of denitrification were linked to shifts in microbial community composition. Notably, periods of intense denitrification were accompanied by blooms in an Arcobacter population against a background community dominated by SUP05 and Marinimicrobia. Rates of N 2 production through denitrification and anammox, and their dynamics, were then explored through flux-balance modeling with higher rates of denitrification linked to the physiology of substrate uptake. Overall, both denitrification and anammox operated throughout the year, contributing to an annual N-loss of 2 × 10 −3 Tg N 2 yr −1 , 37% of which we attribute to anammox and 63% to complete denitrification. Extrapolating these rates from Saanich Inlet to all similar coastal inlets in BC (2478 km 2 ), we estimate that these inlets contribute 0.1% to global pelagic N-loss.
Marine oxygen minimum zones (OMZs) support 30-50% of global fixed-nitrogen (N) loss but comprise only 7% of total ocean volume. This N-loss is driven by canonical denitrification and anaerobic ammonium oxidation (anammox), and the distribution and activity of these two processes vary greatly in space and time. Factors that regulate N-loss processes are complex, including organic matter availability, oxygen concentrations, and NO 2 − and NH 4 + concentrations. While both denitrification and anammox produce N 2 , the overall geochemical outcome of these processes are different, as incomplete denitrification, for example, produces N 2 O, which is a potent greenhouse gas. Information on rates of anammox and denitrification and more detailed ecophysiological knowledge of the microorganisms catalyzing these processes are needed to develop more robust models of N-loss in OMZs. To this end, we conducted monthly incubations with 15 N-labeled N during under anoxic conditions and during a deep water renewal cycle in Saanich Inlet, British Columbia, a persistently anoxic fjord. Both denitrification and anammox operated throughout the low oxygen water column with depth integrated rates of anammox and denitrification ranging from 0.15 ± 0.03 to 3.4 ± 0.3 and 0.02 ± 0.006 to 14 ± 2 mmol N 2 m −2 d −1 , respectively. Most N 2 production in Saanich Inlet was driven by denitrification, with high rates developing in response to enhanced substrate supply from deep water renewal. Dynamics in rates of denitrification were linked to shifts in microbial community composition. Notably, periods of intense denitrification were accompanied by blooms in an Arcobacter population against a background community dominated by SUP05 and Marinimicrobia. Rates of N 2 production through denitrification and anammox, and their dynamics, were then explored through flux-balance modeling with higher rates of denitrification linked to the physiology of substrate uptake. Overall, both denitrification and anammox operated INTRODUCTION Nitrogen (N) is an essential element to life and is used as a building block for proteins and nucleic acids in all terrestrial and marine organisms. The bioavailability of N, therefore, can limit primary production in both terrestrial and aquatic compartments of the biosphere (Falkowski, 1997; Falkowski et al., 2008) . The largest pool of N at the Earth's surface is N 2 in the atmosphere and this N 2 is made available to life mostly through energetically expensive microbial N-fixation (Canfield et al., 2010a) . The abundance of fixed-N in the oceans is governed by the balance between N-fixation into biomass, biomass deposition and ultimate burial in marine sediments, and the return of fixed-N to the atmosphere through a modular series of redox reactions that ultimately lead to anaerobic N 2 production (Gruber, 2004) . The processes that comprise the N-cycle are spatially decoupled with most N-fixation occurring in the euphotic surface ocean (Capone, 2001) , the oxidative components distributed throughout much of the ocean, and anaerobic N 2 production partitioned between the low oxygen waters (30-50%) that typically develop at intermediate water depths and in eutrophic coastal regions, as well as in bottom sediments (50-70%) (Codispoti, 2007) . The availability of N to marine life, therefore, depends on the relative rates of N-fixation versus N-loss, and N-loss is expected to scale with the extent and intensity of low oxygen marine waters, which are currently expanding throughout the global ocean with unconstrained feedbacks on marine N inventories (Keeling et al., 2010; Schmidtko et al., 2017; Breitburg et al., 2018) .
Under low oxygen conditions (<20 µM O 2 concentration), NO 3 − is used as an electron acceptor in anaerobic microbial energy transduction leading, in part, to N 2 production and closure of the N-cycle. Such low oxygen conditions commonly develop in the open ocean at intermediate water depths, in restricted basins, and in eutrophic coastal regions, when respiratory oxygen consumption outpaces physical mixing and oxygenic photosynthesis. Low oxygen marine waters are commonly referred to as Oxygen Minimum Zones (OMZs), and are pervasive features of the modern oceans comprising 7% of current total ocean volume [with O 2 <20 µM] (Paulmier and Ruiz-Pino, 2009 ). The anoxic cores of OMZs, which contain oxygen concentrations below the limit of detection of oxygen sensors generally used in oceanographic research (<5 µM, but as low as 1 nM), constitute only 0.1% of the ocean's total volume (Codispoti et al., 2001; Ulloa et al., 2012) . Despite their relatively low volumes, OMZs play an outsized role in N biogeochemistry driving up to 50% of marine fixed N-loss with a lower estimate of the annual pelagic N-sink of 150 Tg N (Codispoti, 2007) .
N 2 production and thus N-loss in OMZs is driven by two entirely different microbial metabolisms: canonical denitrification and anaerobic ammonium oxidation (anammox). In denitrification a suite of either inorganic [sulfide (HS − ), ferrous iron (Fe(II))] or organic electron donors is used to reduce NO 3 − through a series of intermediates; NO 2 − , NO, and N 2 O to ultimately produce N 2 (see Eqs. 1 and 2). 
Both pathways are fuelled, in part, by relatively oxidized N species and yield N 2 as their ultimate metabolic products, and thus can occupy overlapping niches. Denitrification and anammox, however, diverge in both their ecophysiology and their biogeochemical outcomes including possible leakages of intermediate N species and their overall influence on the carbon (C) cycle (Voss et al., 2013) . Denitrification, for example, can either consume or produce CO 2 depending on the electron donor used, as denitrifiers can be heterotrophic or autotrophic. Anammox, on the other hand, is considered exclusively autotrophic and only consumes CO 2 . Denitrification, furthermore, yields N 2 O as an intermediate, a potent greenhouse gas, that may accumulate during partial denitrification and play a role in global climate forcing (Fowler et al., 2013) . The differing ecophysiologies of the organisms conducting denitrification and anammox are thus expected to interact with one another in different ways across a spectrum of anaerobic conditions. These differences confound attempts to model N-cycle dynamics and its interactions with other cycles, without explicit descriptions for both anammox and denitrification and their regulation.
Process rate measurements are beginning to define the relationships between anammox, denitrification and the N-cycle.
In OMZs globally, anammox appears to support most N 2 production (Kuypers et al., 2005; Thamdrup et al., 2006; Hamersley et al., 2007; Lam et al., 2009; Canfield et al., 2010b; Jensen et al., 2011; Kalvelage et al., 2013; De Brabandere et al., 2014) , while denitrification may dominate ephemerally (Ward et al., 2009; Bulow et al., 2010; Dalsgaard et al., 2012; Babbin et al., 2014) . In open ocean OMZs, the relative contributions of anammox and denitrification to N 2 production are theoretically constrained by the stoichiometry of settling organic matter and the NH 4 + supply from remineralization of organic matter to anammox (Codispoti et al., 2001; Van Mooy et al., 2002; Devol, 2003; Koeve and Kähler, 2010; Babbin et al., 2014) . This constraint develops when anammox is limited by NH 4 + supplied through ammonification of organic N during heterotrophic NO 3 − respiration (organotrophic denitrification). In this case, N 2 production should occur 71% through denitrification and 29% through anammox based on Redfieldian organic matter stoichiometry of 106C: 16N (Van Mooy et al., 2002; Dalsgaard et al., 2003; Devol, 2003 This expected ratio between anammox and denitrification, however, is rarely observed in the ocean and deviations from the ratio can be at least partially explained through variability in organic matter composition and departures from the Redfield ratio (Babbin et al., 2014) . While this stoichiometric variability appears to account for differences observed in the role of anammox in N 2 production in some open ocean OMZs, it remains unclear to what extent organic matter stoichiometry can explain the apparently outsized role of anammox in global N 2 production, more generally. Denitrification is commonly undetected in many OMZs, and this then raises the question as to what supplies NH 4 + to anammox when denitrification appears absent. One possibility is microbial NO 3 − reduction to NH 4 + (DNRA), which has been detected in the Peruvian OMZ and above the Omani shelf, and could be partially responsible for directly supplying NH 4 + to anammox (Lam et al., 2009; Jensen et al., 2011) . While DNRA could provide NH 4 + for anammox in some cases, it is unlikely the universal source as the rates of DNRA measured are generally insufficient to fully support the NH 4 + requirements of concurrent anammox (Lam et al., 2009 ). Other possible sources of NH 4 + include remineralization of organic matter through NO 3 − reduction to NO 2 − , microaerobic respiration, and sulfate reduction (Canfield et al., 2010b) , and in certain shallow settings, benthic release of NH 4 + (Lam et al., 2009; Kalvelage et al., 2013) . While we are gaining a clearer picture of the controls on rates of anammox and denitrification in OMZs, there remain no universal rules that allow quantitative prediction of the partitioning between these two pathways.
Beyond observations from canonical OMZs, anammox and denitrification have been reported from other anoxic environments, including marine sediments, anoxic fjords and lakes, and wastewater treatment facilities. In marine sediments for example, it has been shown that the relative contribution of anammox to N 2 production increases dramatically with both distance from the coast and water depth Trimmer and Nicholls, 2009 ) with anammox comprising up to 80% of the total N-loss at 700 m depth (Engstrom et al., 2005) . This trend may be attributed to decreased organic matter content in deeper sediments ). Indeed, availability of organic matter, rather than its reactivity or quality, appears to regulate the relative importance of denitrification and anammox in estuarine sediments ). The relative contribution of anammox to sediment N 2 production also appears to increase when NO 3 − concentrations are persistently high in overlying waters (Rich et al., 2008; Nicholls and Trimmer, 2009) . Notably, in sediments underlying low oxygen marine waters, nearly all N 2 production was supported by anammox (Prokopenko et al., 2013) . In these sediments, NH 4 + was supplied to anammox through DNRA. This implies then that the relative importance of anammox to sediment N 2 production may in part depend on the activity of DNRA. HS − may also play a role in regulating anammox and denitrification. While HS − is a common electron donor and thus a suitable substrate for denitrification, it has been shown to inhibit anammox at micromolar levels, possibly through toxicity . This is consistent with the distribution of anammox, which appears to operate above the sulphidic zone in the Black Sea (Jensen et al., 2008) . Likewise, anammox contributes up to 30% of the N 2 production in lacustrine water columns, but the highest rates of anammox occur in nearly hydrogen sulfide (HS − ) free waters (Wenk et al., 2013) . In contrast, anammox appears entirely excluded from ferruginous (ironrich) lake waters and sediments (Michiels et al., 2017; Robertson and Thamdrup, 2017) , and ferruginous estuarine sediments (Roberts et al., 2014; Robertson et al., 2016) . Taken together, the emerging picture suggests that the regulation of the relative importance of anammox and denitrification to total N 2 production is convoluted and development of predictive knowledge will require comprehensive and detailed studies across the broad range of systems where these processes are known to operate.
We have conducted a time-series study of the rates of denitrification and anammox and their relative contribution to N 2 production in Saanich Inlet (SI). SI is a persistently anoxic fjord that provides a tractable ecosystem in which to study anaerobic microbial metabolisms that are relevant and extensible to low oxygen environments, globally. Biogeochemical research has been conducted in SI since 1965 (Richards, 1965) and has culminated with instrumented real-time monitoring and a more than 10 years continuous time-series experiment Zaikova et al., 2010; Hawley et al., 2017b; Torres-Beltrán et al., 2017) , making it one of the best studied anoxic fjords on Earth. The inlet is situated on the southern tip of Vancouver Island (see Figure 1A) and is up to 228 m deep with a 75 m deep glacial sill at its entrance that restricts hydrological connection to the Strait of Georgia and the mixing of deep basin waters. Similar to OMZs, aerobic respiration in the SI water column outpaces O 2 supply through physical water mixing and photosynthesis in the surface waters, rendering low oxygen conditions below 100 m for most of the year ( Figure 1B) . In contrast to most open ocean OMZs, however, sulphidic conditions develop in the bottom waters of SI as a result of either water column sulfate reduction (Anderson and Devol, 1973) and/or sulfide efflux from underlying sediments (Devol et al., 1984) . Most years, SI stagnant deep waters transition from sulphidic to oxic at the end of the summer (late August -early September) in response to upwelling off the coast of Vancouver Island that forces dense well-oxygenated waters into the Strait of Georgia and over the sill into the inlet (Anderson and Devol, 1973) , in connection to weak tidal currents (Manning et al., 2010) . The inlet thus can exist in two main states during the year if renewal occurs: a state of "stagnation" referring to low oxygen concentrations in the deep-waters and a state of renewal when oxygenated waters penetrate the inlet and mix with low oxygen deep-waters. These physical-chemical characteristics combine to support microbial communities with anaerobic metabolisms that couple the C, N and S-cycles and are broadly analogous to those we expect to find in other low oxygen and anoxic marine waters globally (Wright et al., 2012) .
N-cycling and its interactions with the other cycles in SI have been previously interrogated using a variety of geochemical and microbiological analyses. Geochemical data indirectly imply that SI supports relatively high rates of both pelagic and benthic N-loss (Manning et al., 2010; Bourbonnais et al., 2013) that vary seasonally, with the highest rates in the winter (December-February, 8.1 mmol m −2 d −1 ) and lowest in the summer (May-August, 1.7 mmol m −2 d −1 ) (Manning et al., 2010) . Multi-omic analyses revealed that microbial communities in SI harbor the metabolic potential to catalyze many components of the N-cycle and to link N to cycling of C and S Hawley et al., 2014 Hawley et al., , 2017a . These metabolic pathway reconstructions have led to a conceptual model describing the microbial interactions that underpin N-cycling in SI, and low oxygen waters more broadly. Specifically, this model (reproduced in Figure 1C from Hawley et al., 2014) proposes that Thaumarchaeota are responsible for the first step of nitrification (NH 4 + to NO 2 − ) and that two different species of bacteria, Nitrospina gracilis and Nitrospira defluvii, oxidize NO 2 − to NO 3 − . Along with nitrification, the SAR11 are the most abundant aerobic heterotrophs, and they are thought to degrade settling organic matter and release NH 4 + to the oxic water column ( Figure 1C) . Lower in the water column, the model suggests that Planctomycetes produce N 2 through the anammox process, while bacteria from the SUP05 clade (Gammaproteobacteria) were implicated in reducing NO 3 − to N 2 O ( Figure 1C) . The final step of denitrification remained more elusive but analyses of Single Cell Amplified Genomes (SAGs) reveal metabolic potential for N 2 O reduction to N 2 in the Marinimicrobia ZA3312c-A and SHBH1141 (previously known as Marine Group-A) (Hawley et al., 2017a) . Notably, the taxonomic affiliations and genomic make-up of the key organisms that drive N-cycling in SI are closely related to those found across OMZs and other anoxic marine environments globally (Wright et al., 2012) . For example, the Gammaproteobacteria SUP05 -with a single cultivated strain, Ca. Thioglobus autotrophicus strain EF1 (Shah et al., 2017 ) -appears to be a ubiquitous member of OMZ microbial communities with Frontiers in Marine Science | www.frontiersin.orgthe metabolic potential for partial denitrification (Stevens and Ulloa, 2008; Walsh et al., 2009; Hawley et al., 2014) , along with bacteria from the group Marinimicrobia that reduce N 2 O to N 2 (Hawley et al., 2017a) and are some of the most widely distributed and abundant taxa in marine OMZs.
The conceptual metabolic model for coupled C, N, and S cycling in OMZs was recently expanded into a quantitative 'gene-centric' model that integrates metabolic potential derived from multi-omic information with geochemical data to predict process rates (Louca et al., 2016) . Modeled rates were validated through direct measurements, but these rates were an order of magnitude lower than the rates needed to support previous geochemical data (Manning et al., 2010) . These observations highlight a discontinuity between current conceptual and quantitative models of the N-cycle in SI and a need for data that more fully capture and integrate the dynamics of N-cycling across multiple seasons.
Here, we used isotope labeling experiments to directly quantify rates and pathways of anaerobic N cycling in SI over an entire year. These measurements allowed us to calculate annual N-loss from Saanich inlet, determine the specific microbial pathways that are responsible, and to assess the biogeochemical controls on the rates and pathways of N-loss in the inlet. Overall, our data reveal that fixed N-loss from SI has strong seasonality and that periods of intense N-loss during the summer are driven primarily through sulfide-dependent denitrification, which is likely fuelled by benthic sulfide supply and new input of NO 3 − from a partial renewal of the water column. Anammox also contributed to N-loss at relatively constant rates throughout the year.
MATERIALS AND METHODS

Study Site and Sampling
Saanich Inlet (SI) is a marine fjord located on the west coast of Vancouver Island, British Columbia, Canada (Figure 1 ). We conducted a monthly time series experiment between January and December 2015 ( (10, 20, 40, 60, 75, 85, 90, 97, 100, 110, 120, 135, 150, 165, 185, and 200 m) . Depths were set using a metered winch cable with a precision of plus or minus 0.5 m and the accuracy of the depth reached was checked with the CTD depth profile. CTD profiles [pressure (SBE 29) , conductivity (SBE 4C), temperature (SBE 3F), and oxygen (SBE 43)] were obtained with the SBE25 Sealogger CTD (SBE). Oxygen concentrations measured with the SBE 43 sensor were calibrated monthly against Winkler titrations (Grasshoff et al., 1999 ) with a limit of detection <1 µM. The CTD, attached at the end of the winch cable, and the bottles were lowered to their final depths and left there to equilibrate with surrounding water for at least a minute before closing.
Samples for nutrient concentration measurements were immediately filtered and put on ice for later analysis. Samples for sulfide analyses were fixed in 0.5% zinc acetate final concentration without prior filtration and frozen at −20 • C for later analysis. 250 mL serum bottles destined for isotope labeling experiments were overfilled three times with water from 7 depths (90, 100, 120, 135, 150, 165, and 200 m) . The overfilling of the bottle as well as capping with blue halobutyl stoppers (previously boiled in NaOH, Bellco, United Kingdom) minimized oxygen contamination (De Brabandere et al., 2012) . Samples for chlorophyll a determination were collected in carboys from four depths corresponding to 100, 50, 15, and 1% of the surface incident irradiance as measured by the PAR sensor on the CTD. Carboys were kept cool and dark until further subsampling back in the lab. 500 mL subsamples from each carboy were filtered for phytoplankton biomass (chl a). Filters were kept frozen at −20 • C until analysis.
Nutrient and Process Rate Measurements
Samples for NO 2 − , NH 4 + and HS − determinations were thawed immediately prior to analysis and measured with Frontiers in Marine Science | www.frontiersin.orgspectrophotometric assays: the Griess assay, the indophenol blue method, and the Cline assay, respectively (Grasshoff et al., 1999) . NOx concentrations (NO 3 − and NO 2 − ) was measured by chemiluminescence following reduction to NO with vanadium (Braman and Hendrix, 1989) , and we subtracted NO 2 − from the total NOx concentrations to obtain NO 3 − concentrations (Antek instruments 745 and 1050, Houston, TX, United States). Chlorophyll a samples collected on filters (0.7 µm nominal porosity) were extracted for 24 h with 90% acetone at −20 • C, and the extracted chlorophyll a measured in a Turner Designs 10AU fluorometer, using an acidification method and corrected for phaeopigment interference Parsons et al. (1984) . DIN deficit (DIN def ) was calculated according to Bourbonnais et al. (2013) and corrected for the release and dissolution of iron and manganese oxyhydroxide-bound PO 4 3− under anoxic conditions. Dark carbon fixation rates were measured by overfilling 60 mL serum bottles 3 times to minimize O 2 contamination and amending 14 C-HCO 3 to the incubation bottles following the JGOFS protocol (Knap et al., 1996) .
The protocol used for measuring rates of denitrification and anammox was modified from Thamdrup and Dalsgaard (2002) , using 15 N-labeled incubations. In an attempt to minimize bottle effects arising from the use of small sample volumes, we incubated the water in 250 mL serum bottles closed with blue butyl rubber stoppers. At the start of the incubation, we inserted a 20 mL helium headspace into the bottle and then added the 15 N labeled N-species (10 µM 15 NO 3 − or 10 µM 15 NH 4 + , see Table 1 for details) and electron donors to the bottles ( Table 1) . Helium gas entering the serum bottle was passed through an oxygen scrubber (Cu-CuO, Glasgerätebau Ochs -Germany) to limit O 2 from being introduced to the incubation vessels. Oxygen in the incubation vessels remained below our detection limit (<0.2 µmol L −1 ), which was measured with flow-through cell oxygen optode (Pyroscience). For incubations of oxygen contaminated water, adding a 20 mL headspace decreases the amount of oxygen in the seawater by about 30 times due to preferential partitioning of O 2 into the headspace gas. In contrast, given the distribution of sulfide between aqueous and gaseous species in seawater, less than 2% of the total sulfide in our incubation vessels resides in the headspace. Samples were collected approximately every 6, 12, 24, and 48 h during the incubations to both allow maximum sensitivity and capture intervals with constant rates. In between time points, incubations were kept in the dark at 15 • C. To determine the time-course of 15 N labeled-N 2 production, gas samples were taken with a 1 mL gas-tight syringe (Hamilton) previously flushed with He and then with the headspace gas. Gas samples were stored in 3 mL exetainers previously filled with milliQ water. Liquid samples were taken to follow the production or consumption of NO 2 − , NO 3 − , or NH 4 + . Liquid samples were collected with a plastic 5 mL syringe previously flushed with He, filtered and then stored at −20 • C for later analysis. The 15 N content of N 2 was determined in gas samples collected during the incubations on an isotope-ratio mass spectrometer (Delta V with continuous flow inlet, Thermo Scientific). Concentrations of N 2 were calibrated with standards by injecting different amounts of gas from N 2 flushed exetainer vials at 1 atmosphere. The excess 14 N 15 N and 15 N 15 N in the gas samples was calculated as described by Thamdrup and Dalsgaard (2000) . Then, rates were calculated through least squares fitting of the slope of 15 N accumulation versus time for the linear region of 5 N excess ingrowth (i.e., constant rates), correcting for the 15 N labeling percentages of the initial substrate pool and accounting for the initial pool of substrate present. Rates were determined to be significant if the slope of the linear regression was considered different from 0 (p < 0.05). Denitrification rates were determined from the accumulation of 30 N 2 in the bottle headspace from the 15 NO 3 − additions, and anammox rates were calculated from the accumulation of 29 N 2 from the 15 NH 4 + + 14 NO 3 − additions according to Thamdrup et al. (2006) with modifications and compared to the accumulation of 29 N 2 from the 15 NO 3 − additions. The detection limit on these rates were calculated as the median of the standard error on the slope used to calculate all significant rates (De Brabandere et al., 2014; Bonaglia et al., 2016) and was determined to be 0.04 and 0.4 nM h −1 for anammox and denitrification, respectively. To produce integrated rates of denitrification and anammox for each month, we first scaled potential rates (R pot ) to in situ rates or "corrected rates" (R cor ) by using Michaelis-Menten half saturation constants K m and in situ substrate concentrations for each process, respectively (see Eq. 7).
For denitrification, we used K m determined through the addition of different 15 NO 3 − concentrations in the incubations (see Table 1 and Figure 4A ). For anammox, we used a K m from the literature (Awata et al., 2013) . Then, we integrated the corrected rates over the sampling depth intervals to attain area specific process rates.
Microbial Community Profiling
Six different depths (10, 100, 120, 135, 150, and 200 m) were sampled for microbial community profiling and water from these depths was returned to the lab for same-day filtering. 10 L of water was filtered onto 0.22 µm Sterivex (Millipore) filters with a 2.7 µm glass fiber pre-filter. Filtered biomass was soaked in lysis buffer then frozen immediately in liquid nitrogen. Filters were stored at −80 • C until further analysis. DNA was extracted according to Wright et al. (2009) . Extracted DNA was quantified using the picogreen assay (Invitrogen) and checked for amplification of the small subunit ribosomal RNA (SSU or 16S rRNA) gene using universal primers targeting the V4-V5 region (515F-Y/926R) (Walters et al., 2016) . DNA was sent to the Joint Genome Institute (Walnut Creek, CA, United States) for 16S rRNA amplicon sequencing on the Illumina MiSeq platform 1 . Once sequenced, amplicons were quality filtered using the JGI "itaggerReadQC" pipeline 2,3 . Quality filtered reads were run through USEARCH (Edgar et al., 2011) and QIIME (Caporaso et al., 2010) . First, we identified chimeras using UCHIME (Edgar et al., 2011) . We then picked OTUs de novo with the sumaclust method at 97% OTU threshold (Kopylova et al., 2016) . We filtered singletons from the OTU table and assigned taxonomy to a representative set of sequences with rdp classifier using the QIIME release Silva database V128 (Quast et al., 2013) . Chao1 diversity indices were calculated with R. Clustering of the samples was performed in R based on a dissimilarity matrix using the Euclidean method 4 . We also quantified total bacterial and archaeal 16S rRNA genes present in our samples via qPCR by targeting the V1-V3 region of the 16S rRNA genes with the primers 27F(bacterial)/20F(archaeal) (5 -AGAGTTTGATCCTGGCTCAG, 5 -TTCCGGTTGATCCY GCCRG) and DW519R (5 -GNTTTACCGCGGCKGCTG) (Zaikova et al., 2010) . Standards used for total bacteria and total archaea quantification were obtained from SSU rRNA gene clone libraries as described in Zaikova et al. (2010) . qPCR program was as followed: (1) 
Flux Balance Modeling
Flux balance modeling was conducted to describe rates of anammox, NO 3 − reduction to NO 2 − and complete denitrification (NO 2 − to N 2 ) based on cell abundance, input fluxes of substrates, and kinetic descriptions of these processes. The script for the simulation was written in Matlab (version R2015b) and can be found in the Supplementary Material. More details can be found in the discussion section that follows as well as in the Supplementary Material.
RESULTS
General Water Column Physical, Chemical, and Biological Properties A salinity profile (Figure 2A) , shows relatively uniform bottom waters with monthly variability in the surface waters. Figure 2B shows the relatively homogeneous temperature in the SI water column with a warming in the surface waters during the summer (June-September 2015) and the extension of this warming to deeper water depths in the following months. The chlorophyll a data ( Figure 2C) shows peaks of fluorescence in the surface waters in March, May, and September 2015 with the highest concentrations, at 44 µg L −1 chlorophyll a in March just below the surface. O 2 concentration profiles ( Figure 2D ) were also determined with the CTD probe, revealing O 2 depletion to less than the sensor limit of detection (<1 µM) in the deep-waters for all of 2015. The upper boundary of the oxycline (depths where there is a sharp gradient in oxygen concentration) is generally around 80m and oxygen penetrates to at least 120 m, though penetration can be as deep as 150 m, as seen in July and September. Low O 2 concentrations and anoxia thus characterize the deeper waters of SI (>120 m depth) throughout 2015. NO 3 − concentrations ( Figure 2E ) are high in surface waters (up to 32 µM) and generally decline with increasing depth within the oxycline and often remain detectable in deeper lowoxygen waters. A peak in NO 2 − concentrations ( Figure 2F ) can be detected sporadically in both the surface waters and/or around 120-135 m where it can reach concentrations as high as 2.5 µM. Surface waters are largely devoid of any NH 4 + ( Figure 2G) , which tends to accumulate below 140 m in anoxic waters and reaches the highest measured concentrations (up to 32 µM) by 200 m. Sulfide (HS − ) was only present in bottom waters, reaching concentrations up to 41 µM in February 2015, and was generally detected at 135 m and below ( Figure 2H) . In Figure 2I , we show DIN deficit calculated for the year 2015 with values varying from 0 in the surface waters to 60 in the bottom waters for February 2015.
Overall, values reflected a DIN deficit in the anoxic waters and increased with depth ( Figure 2I ).
Rates of Denitrification, Anammox and Dark Carbon Fixation
Both anammox and denitrification were active throughout the year in the low oxygen waters where we conducted 15 N-labeled incubations. Rates of denitrification, corrected for in situ substrate concentrations, varied between 0.28 ± 0.03 and 140 ± 14 nM hr −1 (Figure 3B ) based on the accumulation of 30 N 2 in 15 NO 3 − amended incubations (see Table 1 ). Similarly, rates of anammox varied throughout the year, between 0.07 ± 0.01 and 13.2 ± 0.4 nM hr −1 (Figure 3C Figure 3C ). Overall, rates of denitrification, when detected, were equal to or higher than rates of anammox, although anammox dominated N 2 production in 55% of the measurements made. However, the fact that rates of denitrification were generally higher, when detected, led to a higher annual proportion of N 2 production through denitrification (see section "Depth-Integrated Rates of N-Loss"). Dark carbon fixation rates were measured for most of the water column and ranged between 0.24 and 400 nmoles C L −1 hr −1 (Figure 3D ).
Response of Denitrification and Anammox to Amendments
Between 1 and 20 µM 15 NO 3 − was amended to seawater collected from 165 m depth in August 2015. This depth contained 1 µM NO 3 − in situ and was therefore at the lower end of NO 3 − concentrations found within the anoxic waters of Saanich Inlet. Hence, NO 3 − concentrations may be expected to limit denitrification, NO 3 − reduction to NO 2 − , and anammox at this depth. Rates of denitrification, based (Figure 4A) , and the relationship between rates and NO 3 − concentration could be modeled with a Michaelis-Menten formulation. Our data could be described with a maximum rate of denitrification (V max ) and a halfsaturation constant, K m , for NO 3 − of 112 nM hr −1 and 5 µM (Figures 4D,F and Table 2 ), respectively. The rate of denitrification found at 20 µM NO 3 − , however, is lower than for 15 µM and did not follow predictions from the Michaelis-Menten model in Figure 4F . Anammox was not detected. We also determined changes in the concentrations of NO x and NH 4 + when we added different 15 NO 3 − concentrations (Figures 4A,B) . We observed that NO 2 − accumulates with increasing 15 NO 3 − concentrations reaching a maximum of 9 µM when 20 µM 15 NO 3 − was added (Figures 4A,E) . NH 4 + concentrations, on the other hand, remain relatively constant between 8 and 12 µM ( Figure 4B) . Rates of NO 3 − reduction varied, between 0 and 430 nM hr −1 , and rates of NO 2 − accumulation varied between 0 and 286 nM hr −1 (Figure 4E ). The latter rates combined with the rates of denitrification are enough to explain the rates of NO 3 − reduction and thus no accumulation of other intermediates such as N 2 O is expected.
We also amended seawater collected from 120 m depth in June 2015 with HS − ranging from 1 to 10 µM, in addition to 10 µM 15 NO 3 − to examine the influence of HS − on rates of denitrification and anammox. This depth was chosen because it does not contain any detectable sulfide in situ. Instead, it immediately overlies the sulphidic deep waters and thus likely receives a flux of HS − from below that fails to accumulate to detectable concentrations at 120 m depth and implies sulfide oxidation at this depth. Results show an increase in denitrification rates with increasing HS − concentrations (see Figures 5D,F) above an apparent threshold of 2.5 µM HS − . These experiments reveal a seemingly linear trend, but scarcity in data precludes the delineation of the precise relationship (Figures 5E,F) . Anammox occurs (Figures 5C,E ) with 1 and 2.5 µM HS − amendments but was not detected with 5 and 10 µM HS − amendments. NOx concentrations were constant over time in these experiments except for the highest HS − concentrations ( Figure 5A) , and NH 4 + concentrations decreased over time ( Figure 5B ).
Depth-Integrated Rates of N-Loss
Depth-integrated rates of N 2 production varied over the year, with a greater contribution from denitrification (63%) than anammox (37%) (Figure 6) . Rates of denitrification ranged between from 0.02 ± 0.006 to 14 ± 2 mmol m −2 d −1 (Figure 6) , with the highest rates following renewal in July and August. Anammox rates, on the other hand, were comparatively constant throughout the year, and varied between 0.15 ± 0.03 and 3.4 ± 0.3 mmol m −2 d −1 (Figure 6) . Anammox dominated N 2 production in January, April, May, June, October, and November (>50% of N 2 production). Nevertheless, results show that denitrification dominates the yearly N 2 production in the water column (Figure 6 ).
Microbial Community Composition
From a total of 6,889,880 sequences quality filtered by the JGI, 0.3% of the reads were discarded because they were too short or too long and 2% of the sequences were identified as chimeras and discarded. The final read count per sample can be found in Supplementary Table S1 of the Supplementary Material. After clustering at the 97% identify threshold, 28,947 OTUs were resolved across 72 samples. The estimated community diversity (chao1) was low and variable in the surface waters and comparably higher and more stable at deeper depths. These results are summarized in Supplementary Figure S1 and Supplementary Table S1 of the Supplementary Material.
The microbial community in SI is vertically stratified with strong shifts in community compositions apparent between the surface waters (10 m) and the deeper waters (100 m and below) (Figures 7, 8) . In particular, there is a shift between high relative abundances of Alphaproteobacteria and Bacteroidetes (together, 42-85.3%) in the surface to a higher relative abundance of Gammaproteobacteria (23.4-68.5%) in the deeper waters (between 100 and 200 m) (Figure 7) . In the surface waters, Alphaproteobacteria were mainly comprised of the SAR11 clade and Bacteroidetes of the Flavobacteriales. The cyanobacterial population present early in the year decreased to <1% during the spring bloom (April, May, and June), along with a sharp increase in Flavobacteriales for these 3 months (Figure 7) . In deeper waters, the overwhelming majority of Gammaproteobacteria are associated with two OTUs belonging to the SUP05 cluster (Oceanospiralles clade) (Figures 7, 9 , and Supplementary Material). This trend was constant throughout the year. Another Gammaproteobacterial group -Ectothiorhodospiraceae (purple sulfur bacteria) -were present throughout the year in deeper waters (100-200 m), with one OTU representing between 1 and 30% (Supplementary Figure S3) . Thaumarchaeotal (Marine Table 2 for details on the Michaelis-Menten parameters used in (F).
Group 1) relative abundance was generally low in the surface waters and increased up to 28% at 100 m where NO 3 − concentrations generally peaked (Figure 7 and Supplementary  Figures S2, S3 ). In the deeper waters (100-200 m), the Marinimicrobia clade totalled a few percent throughout the year and increased to up to 12% in November at 135 m. Epsilonproteobacteria were mostly comprised of an OTU from the genus Arcobacter, which reached up to 30% at 200 m in July 2015 during deep water renewal and remained present at relatively high abundances until September (Figures 7, 9 and Supplementary Figure S3) . Several OTUs from the genera Ca. Scalindua (Planctomycetes) were present throughout the water column with a total up to 5.7% at 100 m in December 2015 (Figures 7, 9) . Members of the Woesearchaeota phylum were most abundant at depths from 100 to 200 m (0.3-12.2%). These results indicate a strong vertical stratification of the water column 
Note that anammox are not following Michaelis-Menten model in this case.
microbial community and relative consistency in this stratified community throughout the year, with notable exceptions (Figure 8 ). Surface waters, for example, exhibited considerable dynamics in microbial communities during the spring blooms (April-June), and deeper waters shifted composition following renewal in July (Figure 8 ). 
DISCUSSION
Partitioning of N-Loss in SI, and the Seasonality of Anammox and Denitrification
15 N-labeled incubations indicate that both anammox and denitrification operated simultaneously throughout the year in the anoxic water column of SI. Although anammox dominated (responsible for >50% N-loss) in 55% of the measurements in which N 2 production was detected (Figures 3A-C) , depth-integrated rates of denitrification show that it accounts for up to 63% of the total N-loss from SI (Figure 6) . Overall, depth-integrated rates of denitrification and anammox ranged between 0.02 and 14.4 mmol m −2 d −1 and 0.15 and 3.36 mmol m −2 d −1 , respectively (Figure 6) . Annual pelagic N-loss from the inlet was calculated using these measurements by taking the average of the depth-integrated rates, and multiplying these by the surface area of SI's anoxic basin (33 km 2 ). Annual N-loss totalled 0.002 Tg N yr −1 in 2015. N-loss rates previously reported based solely on geochemical measurements (Manning et al., 2010) implied N-loss of between 1.7 and 8.1 mmol m −2 d −1 . Given that 50% of the N-loss previously reported is from benthic N 2 production, the rates that we measure here, that only capture pelagic N-loss, appear appreciably higher and may thus suggest inter-annual variability in N 2 production rates. Rates of denitrification and anammox were previously reported for 2 months during peak "stagnation" in SI in 2010 (Louca et al., 2016) and while these are at the lower end of the range of rates measured here, they generally agree with the rates we detected during peak stagnation. The monthly variability in rates of N-loss from Saanich inlet are driven through dynamics in rates of both anammox and denitrification. Thus, knowledge on the regulation of both anammox and denitrification is key to knowing how N-budgets in Saanich inlet, and by extension, other anoxic fjords, vary. Partitioning of N-loss between these pathways for the entire year reveals 63% denitrification and 37% anammox. This ratio is close to the theoretical ratio calculated for the partitioning of N-loss in the open ocean through anammox and denitrification (29-71% anammox/denitrification ratio). This ratio applies when substrate (NH 4 + ) supply rates for anammox are constrained by the stoichiometry of settling organic matter (Codispoti et al., 2001; Van Mooy et al., 2002; Devol, 2003; Koeve and Kähler, 2010; Babbin et al., 2014) . Excursions beyond this ratio might indicate additional sources of NH 4 + , such as sulfate reduction, and/or an input of NH 4 + from the underlying sediments. Excursion below this ratio more likely signals competition for nitrite or chemoautotrophic denitrification, which would not liberate NH 4 + . In July and December of 2015, N-loss was close to the theoretical ratio (27 and 31%, respectively), which is consistent with the canonical scenario in which heterotrophic denitrification supplies anammox with NH 4 + . The ratio deviates from this throughout much of the rest of the year, with generally higher proportions of anammox (40% and beyond), implying that an additional supply of NH 4 + , beyond that supplied through heterotrophic denitrification, is needed.
Rates of denitrification and anammox are expected to respond to supply of the principal substrates: NO 3 − , organic matter or HS − for denitrification, and NH 4 + and NO 2 − for anammox; as well as possible inhibitors like HS − for anammox and O 2 for both anammox and denitrification. In July 2015, O 2 and NO 3 − both penetrate to 150 m (Figures 2D,E) − . These observations indicate intermediate-and deep-water renewal in July. Although our monthly nutrient profiles do not record a strong deep-water renewal that would have oxygenated the deep waters, we do observe changes in nutrient concentrations, which coincide with higher rates of denitrification in July and August (Figure 6) . Thus, the regulation of denitrification in SI appears linked to renewal, and is further enhanced by the accumulation of HS − in August.
A dramatic increase in deep water NH 4 + concentrations is reflected by relatively high rates of anammox recorded in September, October, and November (Figure 6) , along with lower concentrations of HS − , implying that increased deep-water NH 4
+ leads to higher rates of anammox. The NH 4 + in the deep waters could originate from the remineralization of sinking organic matter supplied through primary production in the surface waters. Chlorophyll a peaks in the surface waters of SI, a proxy for the abundance of photosynthetic organisms, vary over the year, and peak during the spring/early summer ( Figure 2C) . Organic matter from primary production is exported to the deep waters and sediments as particles and fecal pellets. Given that both particles and fecal pellets would sediment to the deep waters in less than a week (Sancetta and Calvert, 1988) , we expect deep water NH 4 + concentrations to respond to blooms in the surface waters within 15 days. As we sampled approximately every 4 weeks, it is possible that we lacked the temporal resolution to capture intense degradation activity following a bloom. However, as blooms are a common occurrence during the summer months (Takahashi et al., 1977; Grundle et al., 2009) , the increase in the deep-water NH 4 + concentrations in September ( Figure 2G ) likely originates from a corresponding increase in surface water primary production. Therefore, the combination of relatively high productivity in surface water and the ensuing high NH 4 + concentrations in the deep waters likely support relatively high rates of anammox toward the end of the summer.
Though ultimately sourced from primary production, the detailed biogeochemical pathways through which the NH 4 + is made available to anammox can vary. These pathways include: ammonification due to organotrophic denitrification; DNRA; ammonification associated with sulfate reduction; or benthic NH 4 + efflux. We thus consider these possible sources and their relative fluxes in relation to rates of anammox. Rates of denitrification measured in SI could have supplied 25% of the NH 4 + needed to support co-occurring anammox on average, assuming Redfieldian OM stoichiometry and 100% organotrophic denitrification (in August 2015, Figure 6 ). This is unlikely as HS − clearly influences rates of denitrification, and is consistent with previously reported genomic information Hawley et al., 2014) , which implies chemoautotrophic denitrification in SI. Another source of NH 4 + could be organotrophic NO 3 − reduction to NO 2 − . We calculate that the highest potential rates of NO 3 − reduction to NO 2 − recorded in August 2015 ( Figure 4E , 400 nM N hr −1 for 20 µM NO 3 − addition), are sufficiently high such that all of the NH 4 + needed to support the highest rates of anammox could come from this reaction (13.7 nM hr −1 ). However, in situ NO 3 − concentrations are generally not as high as the concentrations in these amended incubations, and thus rates of NO 3 − reduction to NO 2 − might not supply all the NH 4 + . Remineralization of organic matter through partial or complete denitrification is thus likely only partly responsible for NH 4 + supply to anammox. Similarly, SO 4 2− reduction could also produce NH 4 + through remineralization of organic matter in the water column. In SI, however, sulfate reduction remains unmeasured through direct process rate experiments and the functional markers for canonical sulfate reduction were absent from the metaproteomes generated to date (Hawley et al., 2014) . DNRA can also supply NH 4 + to anammox, as it does in the Peruvian OMZ (Lam et al., 2009) . A DNRA catalyzing-like protein, hydroxylamine-oxidoreductase, was recovered in metaproteomes and appears to be associated with the denitrifier-SUP05 (Hawley et al., 2014) . DNRA, however, has not been detected in SI to date, though modeling predicts appreciable DNRA for September 2009, and DNRA, if operating in SI, could thus contribute to dynamics in anammox activity (Louca et al., 2016) . Given that the pelagic pathways for NH 4 + delivery to anammox appear insufficient to support the measured rates, we consider the possibility that NH 4 + efflux from the bottom sediments also contributes NH 4 + to anammox. Indeed, high rates of organic matter remineralization through sulfate reduction characterize SI sediments (Devol et al., 1984) . Some of the NH 4 + liberated in the process would diffuse from the sediment and could advect upward to fuel anammox in the overlying water. Based on our calculations (see Supplementary Section 1), NH 4 + fluxes from the sediment in SI could fuel 88 to 100% of the NH 4 + required to support anammox. We thus expect a combination of these multiple NH 4 + sources fuels anammox and contributes to its variability throughout the year.
Kinetics of Denitrification and Anammox
External forcing by substrate supply rates places overall constraints on material fluxes and thus microbial community metabolism, but microbial community structure and function also depend on the specific ecophysiologies of relevant organisms, such as an organism's ability to take up and metabolize a given substrate. We showed that denitrification in SI appears to depend on NO 3 − concentrations ( Figure 4C and Table 2) , and the K m for NO 3 − obtained at 165 m in August 2015 was 5 µM and in the same range as earlier reports from both environmental measurements and cultured denitrifiers (1.7-10 µM) ). These prior kinetic constants come from pure cultures of organotrophic denitrifiers (Parsonage et al., 1985; Christensen and Tiedje, 1988) , sediment microbial communities (Murray et al., 1989; Dalsgaard and Thamdrup, 2002) , and an anoxic sulfidic fjord ). When NO 3 − concentrations exceeded 15 µM, however, the rates of complete denitrification decreased (Figure 4F) . This is in line with the observation that microorganism tend to favor the first step of denitrification, NO 3 − reduction to NO 2 − , over complete NO 3 − reduction to N 2, when NO 3 − concentrations are high. Similar observations were made previously in Mariager fjord where NO 3 − reduction to NO 2 − took over when NO 3 − concentrations exceeded 5 µM. Rates of denitrification and anammox in SI are sensitive to the HS − concentrations present. When seawater from 120 m (June 2015) was amended with HS − , rates of denitrification increased with respect to HS − concentrations ( Figure 5 ) for HS − concentrations higher than 2.5 µM. The rates then seemed to exhibit a linear response, possibly because the enzyme saturation for sulfide oxidation is much higher ). This observation is similar to reports of a linear dependency of denitrification on HS − concentrations, with no sign of saturation, up to 40 µM HS − in Mariager Fjord, Denmark ). Measurements of NO 3 − and NO 2 − indicate low or no NO 2 − accumulation during these incubations and, given the low rates of denitrification for 2.5 µM HS − , this implies a shunting of the NO 2 − produced to anammox. Indeed, anammox occurs at low HS − concentrations ( Figure 5D) . Anammox occurrence at low HS − concentrations was previously observed in a sulphidic alpine lake (Wenk et al., 2013) . This stands in contrast to most previous marine observations, which found that anammox was inhibited by HS − at concentrations as low as 1.6 µM (Dalsgaard et al., 2003; Jensen et al., 2008) . The stimulation of anammox at low HS − concentrations in SI may reflect the production of NO 2 − through partial denitrification and the bypass of complete denitrification due to a higher affinity of anammox bacteria for NO 2 − . This is supported by the fact that NO 2 − did not accumulate during these incubations (Figure 5A ), implying that sulfide dependent partial denitrification (NO 3 − to NO 2 − ) underpins nitrite leakage to anammox in SI when HS − is low.
As rates of anammox appear to be sensitive to higher fluxes of NH 4 + in the water column (see above), we plotted the rates of anammox obtained for the whole year vs. the in situ NH 4 + concentrations (Figure 10) . However, the lack of a coherent positive relationship between rates of anammox and NH 4 + concentrations generally implies insensitivity of anammox to NH 4 + concentrations higher than 2 µM. These results could indicate that the K m for NH 4 + of anammox bacteria is lower than the in situ NH 4 + concentrations. Alternatively, this could also indicate that anammox bacteria could obtain the NH 4 + needed through tight coupling between anammox and DNRA (Prokopenko et al., 2013) or through ammonification in particle-associated processes (Ganesh et al., 2014) , which would not be specifically recorded in the ambient NH 4 + concentrations in SI.
Vertical Partitioning of the Microbial Communities in SI
The strongest difference in microbial community composition was between the surface waters at 10 m depth and deep waters below 100 m depth (Figure 8) , while temporal variations were most notable in the surface waters (Figure 8) . Variation in community composition between 120 and 200 m depth was comparatively small as were dynamics in deep water community composition throughout the year, with the exception of OTUs assigned to the Epsilonproteobacterium, Arcobacter (Figures 7, 9) . Such vertical stratification in microbial community composition is typical for aquatic ecosystems including OMZs (Stevens and Ulloa, 2008; Wright et al., 2012; Inceoglu et al., 2015) , and has been previously observed in SI (Zaikova et al., 2010; Hawley et al., 2014) . Indeed, niche partitioning along redox gradients is generally expected (Wright et al., 2012) . A conceptual model previously developed (Hawley et al., 2014) describes microbial community structure and function in SI and provides a benchmark framework through which to view temporal and vertical dynamics in microbial community composition ( Figures 1C, 7-9 and Supplementary  Figures S2, S3) . The key taxa that comprise this model, including SUP05, Marinimicrobia, Thaumarchaeota, SAR11, and Planctomycetes were prevalent SI community members in 2015.
These taxa were present throughout the water column, with Thaumarchaeota and SAR11 most abundant at 100 m and SUP05 increasing in abundance with depth. Planctomycetes were low in the surface water and increased to a few percent in the deeper waters, similar to Marinimicrobia. In addition to these taxa, our community profiles reveal dynamics in relatively abundant Bacteroidetes, which increase in the surface waters during the spring bloom (from 20 to 65% in April, May, and June), and Arcobacter that appears to bloom in the deep waters (from <1% up to 30% at 200 m) in association with renewal in July and subsequently decreases in relative abundance in the following month. A closer analysis of microbial community dynamics in the surface waters reveals that of the 15 most abundant OTUs, there were high relative abundances of 3 OTUs of the Flavobacteriaceae and 1 OTU of the Rhodobacterales family in April, May, and June, and correspondingly low abundances of an OTU belonging to the SAR11 clade (see Supplementary Figure S3 ). This particular microbial community composition appears contemporaneous with photosynthetic blooms. Flavobacteriaceae and Rhodobacterales are generally considered participants in biomass degradation (Bergauer et al., 2018) and their relatively high abundance in the spring may thus be a response to relatively strong photosynthetic activity ( Figure 2C) . While photosynthetic blooms are evident from pigment distributions (Figure 2C) , we did not observe correspondingly high relative abundances of photosynthetic bacterial taxa (cyanobacteria) at this time. This likely indicates that cyanobacteria play a limited role in this bloom, which instead is the response of diatom growth, as previously reported (Sancetta and Calvert, 1988) . Diatom blooms in April, May and June thus appear to stimulate a number of microbial taxa linked to organic matter degradation in the surface waters, while cyanobacterial contributions to microbial community composition are marginalized at this time.
One of the most abundant OTUs present throughout the water column was assigned to the SUP05 cluster (Supplementary Figure S3) , which varied between a few percent in the surface water to a maximum of 48% in July and September at 150 and 200 m, respectively (Figure 9 and Supplementary Figure  S3) . Based on its metabolic potential to couple sulfide oxidation to NO 2 − reduction to N 2 O and its relatively high abundance, SUP05 has been implicated as a key-player in coupled C, N, and S cycling and N-loss from SI Hawley et al., 2014) , and more broadly throughout low oxygen marine waters globally (Wright et al., 2012; Anantharaman et al., 2013; Glaubitz et al., 2013; Callbeck et al., 2018) . Consistent with this, we find that N 2 production through denitrification was active throughout the year when SUP05 was a ubiquitously abundant community member (Figures 7, 9 and Supplementary Figure S3) . Likewise, water collected from 120 m in June had a microbial community composition of 28% SUP05, and rates of denitrification in this water increased in response to HS − addition, indirectly linking SUP05 to sulfide dependent denitrification. However, N 2 O did not accumulate in our incubations, and we thus suspect that other taxa also play a role in denitrification, by reducing N 2 O to N 2 .
Some Marinimicrobia clades indeed possess the nosZ gene and have the metabolic potential to perform this last step in denitrification (Hawley et al., 2017a) . Like SUP05, Marinimicrobia were relatively abundant in the deep waters where they comprised 4 different OTUs that together comprised up to 12% of the total microbial community at 135 m in November 2015 (Figures 7, 9, 11A and Supplementary Figure  S3) . These 4 OTUs were phylogenetically compared to previously identified Marinimicrobia genome bins and SAGs [ Figure 11B , (Hawley et al., 2017a) ] and were found to be affiliated to 4 different clades: 3 SI clones (SHBH1141, SHBH319, and SHAN400) as well as an Arctic clone (Arctic96B-7). Interestingly, only SHBH1141 appears to carry the nosZ gene (Hawley et al., 2017a) , making it the most likely microorganism in SI to reduce N 2 O to N 2 coupled to HS − oxidation (Hawley et al., 2014) . The SHBH1141 clade increased with depth, with the overall highest relative abundance at 150 m ( Figure 11A) . However, SHBH1141's relative abundance decreased in July, in association with the renewal event. Comparatively, the SHAN400 clade remained relatively constant between 100 and 200 m and both Arctic96B-7 and SHBH391 have higher relative abundances at 120 m than at 100 m and remain constant down to 200 m. From SAGs, SHAN400 and Arctic96B-7 were shown to carry NO 3 − reduction to NO coupled to HS − oxidation, thus participating in partial denitrification, whereas no genes involved in the N-cycle were found for SHBH391 (Hawley et al., 2017a) .
Anammox was also operative throughout the entire year in 2015, and accordingly, we found members of the Planctomycetes phylum were present at up to 5% in the water column (Figures 7-9) . Indeed, Planctomycetes is the only phylum known to contain bacteria that perform anammox. The metabolic potential for anammox is restricted in the Planctomycetes to the order Brocadiales. SI hosts mainly Ca. Scalindua, a well-known marine anammox bacterium which comprised up to 2.6% of the community at 135 m in May (Figure 9) . Altogether, microbial community profiling reveals that the key taxa that comprise previous conceptual models for coupled microbial C, N, and S cycling in SI are present and relatively abundant at depths between 100 and 200 m throughout the year. At the community level, these taxa collectively underpin N cycling and loss from Saanich inlet, which we demonstrate through contemporaneous process rate measurements.
In addition to the taxa discussed above, it appears that an OTU assigned to the Epsilonproteobacteria Arcobacter increases dramatically in relative abundance in the deep waters, notably at 200 m where it goes from <1% in June, to 30% in July, becoming one of the 15 most abundant OTUs in SI, and then drops to 20% in August. This increase in relative abundance appears to be a response to deep water renewal and is strongly correlated with the enhanced rates of denitrification found in July and August, relative to the rest of the year, as well as the highest rates of dark carbon fixation ( Figure 2D) . Indeed, a number of Arcobacter isolates are known to perform complete denitrification to N 2 ) (Canion et al., 2013) , as well as sulfide oxidation (Wirsen et al., 2002) . The high relative abundances of Arcobacter in July and the fact that Marinimicrobia OTUs decreased at the same time posits an important role for Arcobacter in the SI N-cycle (Figures 9, 11A) .
Considering our observations of microbial community and biogeochemical dynamics across the year, we suggest that the inlet exists in two principle biogeochemical states: throughout much of the year, the inlet is relatively stagnant, anaerobic N 2 production is distributed between anammox and denitrification and we suggest that Ca. Scalindua, SUP05, and Marinimicrobia are the key taxa responsible; during the summer renewal the input of NO 3 − to deep sulfide-rich waters stimulates the growth of Arcobacter, which drives most N 2 production through denitrification marginalizing anammox. These two states thus define microbial community phenotypes representing background or 'stagnation' periods and 'renewal' periods, respectively.
Shifts between stagnation and renewal phenotypes imply that the relevant community members possess differing ecophysiology. In particular, the bloom in Arcobacter in response to renewal implies that these organisms have higher maximum cell specific growth rates and/or lower biomass yield than the combination of SUP05 and Marinimicrobia. Without any existing information on biomass yield, we thus estimated cell-specific rates of N 2 production through denitrification during stagnation and renewal periods. We expect for the combined Marinimicrobia/SUP05 population to have lower cell specific rates in comparison to the Arcobacter population, which produces N 2 at higher rates for similar cell abundance. For the 'stagnation' phenotype we used Table 3 . (E) Represents the second ecotype found in SI during renewal event, leading to higher N 2 production (F-H) shows that the model reproduced higher rates of N 2 production. Parameters used in this simulation can be found in Table 3 .
an average cell abundance of 1.6 × 10 9 cells L −1 for the combined abundance of Marinimicrobia and SUP05, which we estimated by combining qPCR of the bacterial 16S rRNA gene as a proxy for total community size with the relative Marinimicrobia/SUP05 abundance from our amplicon sequence data (see Supplementary Material). Marinimicrobia, in association with SUP05, are likely responsible for the production of N 2 throughout most of the year, and we used the lowest and highest rates of denitrification in the stagnant period (0.01-38.45 nM hr −1 ) to come up with a range of cell specific denitrification rates for Marinimicrobia/SUP05 between 0.0001 and 0.6 fmol N 2 cell −1 d −1 .
To compare against the renewal phenotype, we estimated Arcobacter cell abundance (based on total bacterial 16S rRNA gene copies for July at 200 m, 3.05 × 10 9 cells L −1 combined with the relative abundance of Arcobacter from our amplicon sequence data-see Supplementary Material) and with the corresponding rates of denitrification obtained cell-specific rates of 1.08 fmol N 2 cell −1 d −1 for Arcobacter. The cell-specific rates for Marinimicrobia are therefore lower than the cell-specific rate calculated for Arcobacter. Thus, it is likely that SUP05/Marinimicrobia population has a higher growth yield than Arcobacter, shown by similar cell abundance but lower cell-specific rate for the former.
The low relative abundance of Planctomycetes associated with lower N 2 production rates indicate that the anammox bacteria present in SI have a high cell-specific growth rate with a low growth yield. Again, based on the 16S abundance obtained from qPCR analysis (see Supplementary Material) applied to the average relative abundance of anammox bacteria, cell specific rates for anammox vary between 0.02 and 6.72 fmoles NH 4 + cell −1 d −1 , using average cell counts for anammox for the year (2.3 × 10 7 anammox cells L −1 ) and the highest and lowest rates measured in SI in 2015. Our measured rates encompass the cell specific rates obtained from the Namibian OMZ [4.5 fmol NH 4 + cell −1 d −1 , (Kuypers et al., 2005) ], the Black Sea [3-4 fmol NH 4 + cell −1 d −1 , (Jensen et al., 2008) ], and diverse bioreactors [2-20 fmol NH 4 + cell −1 d −1 , (Strous et al., 1999) ]. The lower end of our measured rates might be explained by small fractions of active versus total anammox bacteria present, which would increase the cell-specific rates calculated here. This highlights that, even though anammox bacteria are generally present in at lower relative abundances than denitrifiers (SUP05, Marinimicrobia and/or Arcobacter), they play a similar role in N-species transformations and N 2 production as well as overall energy transduction in low-oxygen and anoxic marine waters.
Model of NO 2 − Competition Between Anammox and Complete Denitrification
Based on the results described above, we built a flux balance model to study the competition for NO 2 − between anammox and complete denitrification, testing if we could reproduce the rates corresponding to the two community phenotypes proposed (high or low N 2 production). Lower rates of denitrification are attributed to a 'stagnation' phenotype, whereas higher rates of denitrification correspond to a 'renewal' phenotype (Figure 12) . The rates of anammox, NO 3 − reduction to NO 2 − , and complete denitrification (NO 2 − to N 2 ), are described through Michaelis-Menten equations, depending on both substrates (electron donors and electron acceptors), their respective kinetic parameters (K m and V max ) for each of these substrates, cell abundance and biomass yield (Y) (see Supplementary Material for a complete description of the model). Both NO 3 − reduction to NO 2 − , and complete denitrification are sulfide-dependent. Nutrient concentrations of interest (NO 3 − , NO 2 − , NH 4 + , and HS − ) are calculated based on the rates of anammox, NO 3 − reduction to NO 2 − , and complete denitrification, as well as fixed input fluxes of the substrates through possible advection and diffusion (See Supplemental Material, section 3). These fluxes, however, are fixed throughout the simulation and do not reflect the highly dynamic nature of the nutrient fluxes found in SI, specifically through a renewal event. This model has thus been built to represent the two phenotypes introduced in the previous section in a steady-state scenario.
The stagnation phenotype represents the background state and characterizes the inlet throughout most of the year, with limited input of NO 3 − and higher fluxes of NH 4 + and HS − coming from the sediments underlying the anoxic water. To mimic this situation, we thus chose lower input flux of NO 3 − in comparison to NH 4 + and HS − (Figure 12 and Table 3 ). Kinetic parameters (k m and V max ) for anammox bacteria were taken from the literature (Awata et al., 2013) . Kinetic parameters measured for denitrification in SI were determined during the renewal phenotype (August 2015, 165 m) and therefore, the stagnation phenotype kinetic parameters remained unconstrained. Thus, kinetic parameters for the SUP05/Marinimicrobia consortium (or stagnation ecotype) were fit to yield rates of the same order of magnitude for denitrification as those measured in SI during stagnation (Figures 12A-D , Table 3 , and Supplementary Material). However, cell-specific growth rates (V max ) and growth yield (Y) were estimated based on rates of denitrification and cell abundance (see above). With nutrient fluxes appropriate for the stagnation period and reasonable physiological parameters for the relevant organisms, we find that rates of both denitrification and anammox are similar, and fall within the range observed in SI outside of a renewal period (Figures 3, 12A-D) . The dominance of one pathway over another could be inverted by changing the relative K m values for denitrification and anammox, as these appear to be similar to one another in the stagnation period (see Supplementary Material). Modeled abundances of anammox bacteria were similar to those observed in SI (2.3 × 10 7 anammox cells L −1 ) as were the modeled abundances of complete denitrifiers compared to abundances observed in SI (cell abundance of Marinimicrobia/SUP05 = 10 9 cells L −1 ). Therefore, we could reproduce with a simple flux balance model rates of the same order of magnitude for anammox and complete denitrification measured during the year 2015 during peak stratification in SI. Deep water renewal in SI introduces oxygenated water to the deep basin, where NO 3 − is produced through rapid nitrification, and the NO 3 − produced is in turn lost through anaerobic NO 3 − reduction and N 2 production following renewal. The renewal event is thus far from steady-state, and we therefore tried to reproduce the high rates of denitrification in 60 days of the simulation, corresponding to the approximate duration of the event based on the geochemical profiles and rate measurements. The kinetic parameters for anammox were identical to simulations of the stagnation phenotype, however, we changed the kinetic parameters for denitrification to represent Arcobacter in the renewal phenotype. As NO 3 − dependency was measured in August 2015, corresponding to higher rates of N 2 production, we chose to use the Michaelis-Menten constants modeled from this data to describe complete denitrification (NO 3 − to N 2 ) ( Tables 2, 3) . We also chose a higher biomass yield than in the 'stagnation' phenotype (Table 3) , as it appears that the Arcobacter population grows rapidly from <1% to 30% of relative abundance within a month's time ( Table 3 ). The simulation reveals that under the conditions described here (Figures 12E-H and Table 3 ), rates of denitrification reach 10 −6 N 2 M d −1 , which corresponds to the highest rates measured in July 2015 at 200 m (Figure 3) . Rates of anammox remain similar to the rates that can be found after renewal in SI (Figures 3, 12E-H) . The abundance of complete denitrifiers reaches 10 9 cells L −1 after only 15 days of simulation, which is again similar to abundances observed in SI during renewal. However, to fully describe and model the input fluxes to SI, the model would need to have dynamic fluxes that can be changed over time. In addition to dynamic fluxes, competition between two different populations of complete denitrifiers should be implemented to fully describe and reconstruct the transition from one phenotype to the other.
SI as a Model Ecosystem for Coastal OMZs
We have extrapolated the annual N-loss calculated for SI (33 km 2 ) to all similar coastal inlets in BC (2478 km 2 ) in order to estimate the potential importance of BC coastal fjords to N-loss from the North Eastern Sub-Arctic Pacific Ocean. We estimate that these inlets could contribute up to 0.12 Tg N yr −1 , which constitutes 0.1% to global pelagic N-loss (Codispoti, 2007) if they are all anoxic and similar to SI. On an area-specific basis this is extremely high in comparison to the ETSP, for example, which has a surface area of 1.2 × 10 6 km 2 and supports up to 10 Tg N yr −1 (Kalvelage et al., 2013) . This highlights that coastal OMZs are hotspots for N-loss and could also, in the near future, be subject to changes due to increased anthropogenic influence.
The low oxygen conditions in SI support pelagic anaerobic microbial metabolisms including denitrification and anammox that co-occur and underpin high rates of N-loss from the water column. We showed that denitrification is the most important contributor to N 2 production and its rates and the organisms responsible vary seasonally. Rates of anammox, in contrast, are relatively constant throughout the year, contributing 37% of the N-loss from SI. Anammox is often reported as the primary pathway of N-loss from OMZs (Kuypers et al., 2005; Thamdrup et al., 2006; Hamersley et al., 2007; Lam et al., 2009; Canfield et al., 2010b; Jensen et al., 2011; Kalvelage et al., 2013; De Brabandere et al., 2014) , and our time-series observations from SI may be more broadly extensible to low oxygen marine waters globally. In SI, rates and pathways of N-loss and the responsible microbial taxa are dynamic responding to substrate fluxes driven by physical forcing. Analogous dynamics in upwelling and horizontal transport or large-scale eddies in open ocean OMZs may also lead to strong microbial responses with corresponding biogeochemical outcomes (Altabet et al., 2012; Bourbonnais et al., 2015) . While sulphidic conditions that characterize SI are rare in modern open ocean OMZs, they could become more prevalent with progressive ocean deoxygenation (Ulloa et al., 2012; Callbeck et al., 2018) . Information on microbial responses to system dynamics and on the ecophysiology the underpins coupled C, N, and S cycling in Saanich Inlet and other experimentally tractable coastal ecosystems is key for predicting broader global responses to ocean deoxygenation and the expansion of marine anoxia.
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